Background Restoring normal femoral rotation is an important consideration when managing femur fractures. Femoral malrotation after fixation is common and several preventive techniques have been described. Use of the lesser trochanter profile is a simple method to prevent malrotation, because the profile changes with femoral rotation, but the accuracy of this method is unclear. Questions/purposes The purposes of this study were (1) to report the rotational profiles of uninjured femora in an adult population; and (2) to determine if the lesser trochanter profile was associated with variability in femoral rotation. Methods One hundred fifty-five consecutive patients (72% female and 28% male) with a mean age of 32 years (range, 12-56 years) with a CT scanogram were retrospectively evaluated. Patients were included if CT scanograms had adequate cuts of the proximal and distal femur. Patients were excluded if they had prior hip/femur surgery or anatomic abnormalities of the proximal femur. CT scanogram measurements of femoral rotation were compared with the lesser trochanter profile (distance from the tip of the lesser trochanter to the medial cortex of the femur) measured on weightbearing AP radiographs. These
measurements were made by a single fellowship-trained orthopaedic surgeon and repeated for intraobserver reliability testing. Presence of rotational differences based on sex and laterality was assessed and correlation of the difference in lesser trochanter profile to the difference in femoral rotation was determined using a coefficient of determination (r 2 ). Results The mean femoral rotation was 10.9°(SD 6 8.8°) of anteversion. Mean right femoral rotation was 11.0°(SD 6 8.9°) and mean left femoral rotation was 10.7°(SD 6 8.7°) with a mean difference of 0.3°(95% confidence interval [CI] , -1.7°to 2.3°; p = 0.76). Males had a mean rotation of 9.4°(SD 6 7.7°) and females had a mean rotation of 11.5°(SD 6 9.1°) with a mean difference of 2.1°(95% CI, -0.1°to 4.3°; p = 0.06). Mean lesser trochanter profile was 6.6 mm (SD 6 4.0 mm). Mean right lesser trochanter profile was 6.6 mm (SD 6 3.9 mm) and mean left lesser trochanter profile was 6.5 mm (SD 6 4.0 mm) with a mean difference of 0.1 mm (-0.8 mm to 1.0 mm, p = 0.86). The lesser trochanter profile varied between the sexes; males had a mean of 8.3 mm (SD 6 3.4), and females had a mean of 5.9 mm (SD 6 4.0). The mean difference between sexes was 2.5 mm (1.5-3.4 mm; p < 0.001). The magnitude of the lesser trochanter profile measurement and degree of femoral rotation were positively correlated such that increasing measures of the lesser trochanter profile were associated with increasing amounts of femoral anteversion. The lesser trochanter profile was associated with femoral version in a linear regression model (r 2 = 0.64; p < 0.001). Thus, 64% of the difference in femoral rotation can be explained by the difference in the lesser trochanter profile. Intraobserver reliability for both the femoral version and lesser trochanter profile was noted to be excellent with intraclass correlation coefficients of 0.94 and 0.95, respectively. Conclusions This study helps define the normal femoral rotation profile among adults without femoral injury or bone deformity and demonstrated no rotational differences between sexes. The lesser trochanter profile was found to be positively associated with femoral rotation. Increasing and decreasing lesser trochanter profile measurements are associated with increasing and decreasing amounts of femoral rotation, respectively. Clinical Relevance The lesser trochanter profile can determine the position of the femur in both anteversion and retroversion, supporting its use as a method to restore preinjury femoral rotation after fracture fixation. Although some variability in the rotation between sides may exist, matching the lesser trochanter profile between injured and uninjured femora can help reestablish native rotation.
Introduction
The rotational profile of the femur is of clinical importance in many orthopaedic procedures and is a primary focus during fracture fixation [2, 6, 19, 21, 23, 25, 28, 30, 31] . Malrotation of the femur after fracture fixation is often underappreciated and is a difficult complication to detect both clinically and radiographically [19] . Several studies have demonstrated a high risk of malrotation after fracture fixation [3, 11, 13, 26, 29] and this remains a challenging aspect of femur fracture care [2, 6, 8, 25, 28, 30, 31] . Malrotation may negatively influence outcomes after surgery [12, 27] and may have detrimental long-term effects on knee function [10, 20] . Malrotation after femoral fracture surgery is associated with abnormal foot progression angles [12, 27] , a posterior shift of the weightbearing axis of the knee [10] , and higher peak patellofemoral contact pressure [20] , which may lead to worse functional outcomes as measured by the Oxford-12 item and WOMAC surveys [12] .
Femoral rotation, anteversion, and retroversion may be restored through indirect means such as assessment of cortical thickness and alignment on intraoperative imaging [19] . However, fractures at higher risk of malrotation such as those that are transverse, segmental, comminuted, or associated with bone loss may not be as amenable to indirect assessment [14] . Clinical assessment of rotation by radiographic and/or clinical comparison of the injured and unaffected extremity is another means of judging rotation but has proven to be inconsistent [13] .
The challenges of assessing and restoring femoral anteversion during fracture fixation have led to the advent of several fluoroscopic measurements to address this problem [4, 7, 29] . Each technique uses fluoroscopic images of the uninjured extremity as a template to restore anatomy to the injured extremity. Deshmukh et al. [7] popularized using the fluoroscopic profile of the lesser trochanter to guide restoration of femoral rotation during fracture fixation. This method has become accepted as a simple, effective manner of preventing malrotation that does not unduly prolong operative time or require special instrumentation [7, 15, 16, 18] . The principle used by Deshmukh et al. [7] is that the image of the lesser trochanter becomes more pronounced in the coronal plane with increased external rotation angles. However, prior work has demonstrated large anatomic variability of the proximal femur, and it is unclear if this variation in anatomy is reflected through the lesser trochanter profile [15, 21] or whether the lesser trochanter profile is an accurate predictor of rotation. To our knowledge, no study has reported on rotational profiles of uninjured femora in a large patient cohort using modern measurement techniques and compared this with the lesser trochanter profile.
The goal of this study therefore was to (1) report on the rotational profiles of uninjured femora in an adult population as measured by CT scanogram; and (2) determine if variability in native femoral rotation was associated with the lesser trochanter profile.
Patients and Methods
Institutional review board approval was obtained using an umbrella protocol for retrospective studies at our institution. All skeletally mature patients treated at our tertiary referral center between January 2010 and June 2017 who had a CT scanogram were identified with the use of Current Procedural Terminology (CPT) coding. Patients with CPT code 77037 (bone length studies [orthoroentgenogram, scanogram] ) were included in the data set. CT scanograms were reviewed to isolate the patients who had adequate imaging to measure the rotational profile of both femurs. Patient age, sex, and the radiographic measurements of interest were recorded. Patient chart review was used to determine if prior hip, femur, or knee surgery had been performed and make note of prior femur fracture.
All patients included in this study were skeletally mature and seen by a single fellowship-trained orthopaedic surgeon specializing in hip pathology (TGM). The indication for plain radiographic imaging was generalized hip pain, and CT scanograms were obtained when plain radiographs demonstrated no evidence of significant arthrosis as an advanced imaging evaluation for possible osseous pathomorphology. CT scanograms had to include adequate cuts of the proximal and distal femur to allow for an accurate assessment of femoral rotation. Patients were excluded from the study if they had prior trauma to the femur or previous surgical intervention involving the hip, femur, or knee. Patients with anatomic abnormalities of the lesser trochanter or proximal femur such as prior slipped capital femoral epiphysis (SCFE) or Legg-Calvé-Perthes disease were also excluded from the study.
A total of 214 consecutive patient scanograms were reviewed initially. Of this cohort, 59 patients were excluded from the study for the following reasons: lack of bilateral imaging (53), abnormal appearance of the lesser trochanter (three), a prior diagnosis of SCFE (two), or a fracture of the lesser trochanter (one). The remaining 155 patients (310 femora) were included in the study (Fig. 1 ). Mean age of the cohort was 32 years (range, 12-56 years) with 112 (72%) female and 43 (28%) male (Table 1) .
All CT scanograms were obtained by certified CT technicians at the university hospital or university orthopaedic center per a standard protocol. The images were obtained with the patient placed in a CT scanner in a supine position with both feet pointed up and the long axis of the femora parallel to the long axis of the scanner. Legs were positioned flat on the table with no cushion or wedges allowed. A full-length scout film was obtained to include the bilateral hips and ankles. Thereafter, 3-mm thick helical images taken in 3-mm intervals were obtained at the hips and knees. This included cuts from just above the femoral heads through the lesser trochanters and from just above the femoral physis through the top of the tibia.
Weightbearing AP pelvis radiographs were obtained by experienced technicians at the university orthopaedic center using a standard protocol. These images were acquired with patients in a standing position and with the lower extremities parallel. The lower extremities were aligned in a neutral position with knees and feet pointed directly forward. Patients were instructed to bear equal weight on the bilateral lower extremities. The x-ray beam was directed at a center position between the pubic symphysis and anterosuperior iliac spine. We accounted for magnification of the image by using a marker ball to standardize measurements.
As per radiology protocol, the supine CT is obtained with the feet pointed up, whereas standard weightbearing AP pelvis radiographs were obtained with the feet pointing forward. There is no way to confirm, however, that the rotational profile of the leg was the same with each imaging study.
Femoral rotation was measured on the CT scanograms using a modified version of a technique initially described by Goldman and Freeman [9] . First, a line was drawn through the center of the femoral neck and an angle made relative to the horizontal plane in a single CT cut (b). Then a tangent line was drawn across the axis of the posterior femoral condyles and an angle made relative to the horizontal plane in that CT cut (a). The amount of femoral rotation was established by subtracting the condylar angle (a) from the neck angle (b) (Fig. 2) . All rotational measurements were made by an attending, fellowship-trained orthopaedic surgeon (TGM). Intraobserver reliability for both the femoral rotation and lesser trochanter profile was determined using the intraclass correlation coefficient given that the data being analyzed were continuous. The single observer repeated measurements on 26 randomly selected hips from the data set. Measurements were made 3 months apart. The intraclass correlation coefficient determines reliability on a scale from 0 to 1, with 0 to 0.5 being poor, 0.51 to 0.75 being moderate, 0.76 to 0.9 being good, and 0.91 to 1 being excellent reliability. Convention was maintained throughout the study such that positive rotational values represent femoral anteversion and negative rotational values represent femoral retroversion.
The lesser trochanter profile was measured on the weightbearing AP radiograph. A vertical line was extended along the border of the medial femoral cortex proximally past the lesser trochanter. We then established a horizontal plane by using a transteardrop line. Parallel to the horizontal plane, the greatest distance from the apex of the lesser trochanter to the line extending along the medial femoral cortex was measured (Fig. 3) . Convention was maintained throughout the study such that lesser trochanter profile measurements were positive if the tip of the lesser trochanter was medial to the vertical extension of the medial femoral cortex and negative if the tip of the lesser trochanter was lateral to the vertical extension of the medial femoral cortex. All measurements were made with a virtual ruler on magnified digital images on a university-licensed imaging system (Intellispace PACS Enterprise; Phillips, Foster City, CA, USA).
Statistical Analysis
For calculated differences in laterality, the measurement for the left hip was subtracted from the measurement of the right hip for all calculations. Statistical comparison of the mean age data was completed using a two-tailed Student's t-test. Means for radiographic measurements were calculated and a two-tailed Student's t-test was used to determine the presence of differences based on sex and laterality. Correlation of differences in the lesser trochanter profile to differences in femoral rotation was determined using a coefficient of determination (r 2 ) for the entire cohort as well as by sex. As is standard for determining r 2 values, outliers were removed from the data set. These outliers were as follows (femoral version difference, lesser trochanter profile difference): -6°, 2.4 mm; 8°, 6.9 mm; -4°, 3.4 mm; 5°, -4.2 mm; and -9°, 3.2 mm. Finally, a subgroup analysis of anteverted, normal, and retroverted femora was performed. An analysis of variance test was used to determine differences in the lesser trochanter profile based on femoral version. These groups were determined by the mean and SD of the entire cohort. Femora were considered anteverted if they had a version > 1 SD from the mean. Normal femora were determined to be within 1 SD of the mean. Finally, retroverted femora had versions < 1 SD from the mean. Significance was determined at a p value of < 0.05. All statistical analyses were performed using StatPlus 2 (AnalystSoft Inc, Walnut, CA, USA).
Results
Mean femoral rotation was noted to be 10.9°(SD 6 8.8°) across all femora. No difference was found in the mean femoral rotation between the right and left femora. Mean right femoral rotation was 11.0°(SD 6 8.9°) and mean left femoral rotation was 10.7°(SD 6 8.7°) with a mean difference of 0.3°( 95% confidence interval [CI], -1.7°to 2.3°; p = 0.76) ( Table 2 ). There was no difference in femoral rotation between the sexes; males had a mean rotation of 9.4°(SD 6 7.7°), and females had a mean rotation of 11.5°(SD 6 9.1°) ( Table 2 ). The mean difference in rotation between sexes was 2.1°(95% CI, -0.1°to 4.3°; p = 0.06). The mean lesser trochanter profile was noted to be 6.6 mm (SD 6 4.0 mm) across all femora. No difference was found in the mean lesser trochanter profile between the right and left femora. The mean right lesser trochanter profile was 6.6 mm (SD 6 3.9 mm) and mean left lesser trochanter profile was 6.5 mm (SD 6 4.0 mm) with a mean difference of 0.1 mm (-0.8 to 1.0 mm, p = 0.86). The lesser trochanter profile varied between the sexes; males had a mean of 8.3 mm (SD 6 3.4), and females had a mean of 5.9 mm (SD 6 4.0) ( Table 2 ). The mean difference between sexes was 2.5 mm (1.5-3.4 mm; p < 0.001). The magnitude of the lesser trochanter profile measurement and degree of femoral rotation were positively correlated. Increasing measures of the lesser trochanter profile were associated with increasing amounts of femoral anteversion. Likewise, smaller measures of the lesser trochanter profile were associated with decreasing amounts of femoral anteversion (or more retroversion). For the entire cohort, the r 2 value was 0.64 (p < 0.001) (Fig. 4) . As such, 64% of the difference in femoral rotation can be explained by the difference in the lesser trochanter profile as noted on weightbearing radiographs. For males, the r 2 value was 0.66 (p < 0.001). For females, the r 2 value was 0.62 (p < 0.001). A subgroup analysis was completed to evaluate femoral rotation and lesser trochanter profile measurements in those patients 1 SD above and below the mean. We tested the association of femoral rotation to the lesser trochanter profile by comparing those patients with normal rotation with anteverted and retroverted patient groups. In the subgroup analysis, 56 femora (18%) were considered "anteverted" or > 1 SD from the mean rotation. Additionally, 203 (65%) femora were considered "normal" or within 1 SD of the mean rotation, and 51 (16%) femora were considered "retroverted" or < 1 SD from the mean rotation (Fig 5) . Those hips that were considered normal had a mean lesser trochanter profile of 6.4 mm (SD 6 3.8), whereas those hips that were considered retroverted had a mean lesser trochanter profile of 4.9 mm (SD 6 3.9).
When comparing normal rotation with those considered anteverted, there was a mean difference of 2.1 mm (0.9-3.3 mm, p < 0.001). When comparing normal rotation with those considered retroverted, there was a mean difference of 1.6 mm (0.3-2.8 mm, p = 0.006). The intraclass correlation coefficient was determined to be 0.94 for femoral version and 0.95 for lesser trochanter profile measurements. Both of these values are interpreted to mean excellent intraobserver reliability.
Discussion
Restoration of femoral rotation after fracture has proven to be a difficult task and is done in a patient-specific manner with the goal of achieving an anatomic femur reconstruction. The fluoroscopic profile of the lesser trochanter is commonly used as a guide to the rotational alignment of the femur, but variations in proximal femoral anatomy may question the validity of this method. Our study measured the mean femoral rotation in a large cohort of adult, paired femora using modern methods of assessing femoral rotation (CT scanogram) and tested the correlation between CT scanogram measurements of femoral rotation and the lesser trochanter profile. The lesser trochanter profile was positively associated with femoral rotation. Importantly, the association of the lesser trochanter profile to femoral rotation did not change with greater differences in femoral rotation, and the lesser trochanter profile was associated with both anteverted and retroverted femoral rotation.
This study has several notable limitations. CT scanograms were obtained in patients with groin and hip pain without plain film radiographic evidence of arthrosis (Tönnis < 2) as an advanced three-dimensional evaluation of hip pathomorphology. Therefore, we can only conclude that the lesser trochanter profile is associated with femoral rotation in this patient population. The absence of arthrosis as a requisite criteria to obtain a CT scanogram in the inclusion patient population may bias the population to a younger age group and may not make these results generalizable to an arthritic population. To the authors' knowledge, no study to date has suggested that hip arthritic change results in a morphologic change to femoral rotation or lesser trochanter anatomy. Having hip or groin pain as an indication for CT scanogram may preclude the generalizability of the current study data to the trauma population who may or may not have antecedent groin or hip pain. We compared supine CT scanograms with weightbearing AP pelvic radiographs and although the radiographs were obtained by the same three experienced radiology technicians, foot position and rotation of the lower extremities almost certainly varied among patients, which would have Fig. 3 Example measurement of the lesser trochanter profile (X) as determined on a plain film radiograph. The lesser trochanter profile was measured from the apex of the lesser trochanter to the edge of a line drawn along the medial border of the femoral cortex. The horizontal plane (c) was established using a transteardrop horizontal line.
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Lesser Trochanter Profile and Rotation 1257 affected the lesser trochanter profile measurement. Although weightbearing and supine radiographs have been shown to affect pelvic and acetabular orientation, there should be very little effect on femoral orientation if foot position and lower extremity rotation are standardized [24] . Unfortunately, given the retrospective nature of the current study, there is no way to confirm that the rotational position of the lower extremities was the same during acquisition of the supine CT and weightbearing AP pelvis radiograph. Additionally, measuring the "magnitude" of the lesser
trochanter has yet to be described, but the excellent intraobserver reliability noted in this study does provide support to the notion that these measurements can be reproducibly made. Prior studies [7, 15] have only referred to the general size of the lesser trochanter profile without providing any concrete measurement in this regard. Because a different amount of proximal femur was imaged with each weightbearing AP pelvis radiograph, it is difficult to standardize the vertical line extending along the medial cortex of the femur introducing some error to this measurement. An additional limitation to consider is that the lesser trochanter profile on weightbearing AP pelvic radiographs may not directly extrapolate to the lesser trochanter profile in patients placed in the supine or lateral position during fracture fixation. One of the main challenges in the operating room is to obtain standardized fluoroscopic pictures of the hip and this challenge certainly remains. Moreover, standardized digital measurements of the lesser trochanteric profile are frequently not obtainable with many C-arm systems currently in use. Although the current study has demonstrated an association of the lesser trochanter profile and femoral rotation, the relationship between these two variables is not perfect and variation in leg rotation may exist even when the lesser trochanter profile is used to restore rotational anatomy after fracture fixation.
In our study, femoral rotation among skeletally mature patients without prior femur fracture or surgery was noted to be 10.9°of anteversion across all patients with a mean lesser trochanter profile of 6.6 mm. Several studies have attempted to evaluate and establish normal femoral rotation; however, these studies used methods for measuring rotation that cannot be implemented clinically. Kingsley and Olmsted [17] first reported on femoral rotation as measured with a protractor in 630 adult cadaveric femurs, including 45 paired femora. Mean femoral rotation was noted to be 8°of anteversion, slightly less than what was noted in the current study. Unfortunately, Kingsley and Olmsted [17] did not report the rotational difference between matched pairs, and the sex of the cadaveric specimen was not known but rather inferred from the size of the cadaver. More recently, Reikerås et al. [22] reported on the femoral rotation of 48 cadaveric femora pairs (24 males, 24 female pairs) as determined by the use of plain film radiography. Rotational measurements were made through the use of atypical radiographic projections and required the assistance of trigonometry to determine the overall femoral rotation. Similar to our study, Reikerås et al. Volume 476, Number 6 Lesser Trochanter Profile and Rotation 1259 [22] concluded that mean femoral anteversion was 10.4°. Other studies that have attempted to establish normal femoral rotation have used less reliable assessment methods such as ultrasound [1] or have measured femoral rotation only after fracture fixation [3, 5] , thus making it difficult to determine the standard measurement. Despite these deficiencies, knowing mean femoral rotation is of paramount importance for surgeons treating femur fractures. Our analysis revealed that the lesser trochanter profile was associated with femoral version in a linear regression model with an r 2 value of 0.64 (p < 0.001) after removal of outliers. Although this association is not a perfect linear relationship, it does suggest that the lesser trochanter profile may be used as a means of determining and reestablishing femoral rotation during fracture fixation because 64% of femoral rotation can be ascribed to the lesser trochanter profile. Despite the current use of the lesser trochanter profile to aid in preventing femoral malrotation after traumatic reconstruction of the femur, only two previous studies have evaluated the efficacy of this technique. Desmukh et al. [7] initially popularized the lesser trochanter profile in a study comparing femoral malrotation after fracture fixation in two groups of five patients with unilateral femur fractures. Subsequent to this, Jaarsma et al. [15] tested the ability of five surgeons to detect malrotation using the lesser trochanter profile on 10 prepared cadaveric femora. Although both studies supported the use of the lesser trochanter profile for preventing femoral malrotation, the small numbers reported in each study limit the generalizability of their findings. Interestingly, there was no difference in rotation between male (9.4°) and female (11.5°) rotation in the current study, but the lesser trochanter profile was different between male (8.3 mm) and female (5.0 mm). The fact that males had a greater lesser trochanter profile is most likely attributed to the overall increased size in male femoral anatomy as compared with females.
Femoral rotation is clinically important and remains a key consideration when treating femur fractures because malrotation after fixation may often result [2, 19, 21, 23, 25, 28, 30, 31] . Techniques such as those described by Tornetta et al. [29] , the neck horizontal angle [4] , and the lesser trochanter profile [7, 15] have been established to help surgeons minimize malrotation after fixation of femur fractures. These techniques rely on the assumption that rotation is similar between injured and uninjured femora, highlighting the importance of our study that shows this to be true in most patients (Fig. 6) . Among adults without femoral injury or bone deformity, average femoral rotation was 10.9°and did not differ between sides or sexes. The magnitude of the lesser trochanter profile measurement and degree of femoral rotation were positively correlated in the current study, meaning increasing measures of the lesser trochanter profile were associated with increasing amounts of femoral anteversion. This information may be used as an aid in restoring anatomic femoral rotation after fracture fixation because it substantiates prior work [7] . A perfect lateral of the distal femur and AP of the hip can be obtained on the uninjured femur. A perfect lateral of the distal femur is then obtained on the injured femur and the lesser trochanter profile is matched on the AP hip of the injured and uninjured femora. Although some variability in the rotation between sides may exist using this technique, the association of the lesser trochanter profile and femoral rotation noted in this study reinforces the utility of this approach. Future studies may seek to evaluate the utility of using the lesser trochanter profile as compared with other commonly used methods of restoring femoral rotation after fracture fixation such as the neck horizontal angle or true lateral techniques.
